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I. INTRODUCTION 
Ba t t e r i e s  represent the source of secondary power on almost a l l  space 
vehicles. 
jected t o  various types of rad ia t ion  from cosmic rays  o r  the Van Allen 
be l t s .  
power source i n  the vehicle with b a t t e r i e s  act ing as the  secondary power 
f o r  s tar t -up,  standby and peak power requirements. 
be i n  high rad ia t ion  f i e l d s  i n  this application. 
high rad ia t ion  f i e l d s  on these ba t t e r i e s ,  the nickel-cadmium system w a s  
chosen from the current types of rechargeable systems being used. 
On any mission these vehicles and thus the  b a t t e r i e s  are sub- 
Future missions may incorporate nuclear reac tors  as the primary 
The b a t t e r i e s  may thus 
To study the  e f f e c t s  of 
Previous studies’ ’2 ” of nickel-cadmium b a t t e r i e s  i n  rad ia t ion  f i e l d s  
have been l imited t o  an examination of the voltage and capacity before and 
a f t e r  i r r a d i a t i o n  of the  whole battery. 
from the data  i n  one paper but w a s  not d i s c u s ~ e d . ~  
descr ibes  a study of the behavior of the nickel  and cadmium electrodes of 
c e l l s  operating i n  a flooded condition i n  a rad ia t ion  f i e l d ,  and presents 
information on (a) the loss of material  from the electrodes,  (b) the 
r ad io ly t i c  decomposition of the e lec t ro ly te  , and (c)  some electrochemical 
changes which were observed, including capacity l o s s  by the  cadmium electrode. 
A l o s s  i n  capacity was evident 
T h i s  present report  
8 I r r ad ia t ion  of the nickel-cadmium c e l l s  t o  -10 rads (gamma) w a s  taken 
as the  upper l i m i t  i n  the  present study. The var iab les  invest igated in-  
cluded e f f e c t s  of dose r a t e ,  t o t a l  dire; temperature and state of charge. 
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11. ExPERImALPRoGRAM 
A. MATERIALS AND EQUIPMENT 
1. Electrode Selection and Pretreatment 
Gulton Industr ies '  nickel-cadmium type VO-.~ f l a t  plate  c e l l s  were 
chosen fo r  this study, mainly because of t h e i r  r e l a t ive ly  small s i ze  and 
ease of separating the individual electrodes f o r  use i n  our t e s t  ce l l s .  
Upon rece ip t ,  these commercial c e l l s  were charged according t o  the manu- 
f ac tu re r ' s  specif icat ions,  i.e., 0.060 amperes f o r  17 hours, 
these electrodes is 4.2 x 3.8 cms. 
the three cadmium electrodes and the two nickel  electrodes were then used 
t o  make two of our laboratory ce l l s .  
The s i z e  of 
The c e l l s  were disassembled and two of 
The laboratory c e l l s  were then discharged a t  0.20 amperes t o  the 
To insure 100 per cent charge of the  c e l l s  break i n  the discharge curve. 
they were charged f o r  two and one half hours a t  0.20 amperes which i s  
equivalent t o  25 per cent overcharge. 
then discharged t o  the predetermined s t a t e  of charge, e.g., 75 per cent of 
f u l l  charge. The c e l l s  were then 
cycled, e.g., between 75 and 70 per cent of charge, f o r  a period of 24 hours 
before i r r ad ia t ion  treatment. 
Using the same current,  they were 
T h i s  procedure w a s  used f o r  a l l  ce l l s .  
2, Cel l  Designs f o r  Gamma Radiation 
A diagram of the type of c e l l  used f o r  the i n i t i a l  experiments is 
shown i n  Figure 1. 
electrode spacing w a s  a constant for all runs. 
of quartz which w a s  employed because of i ts  resis tance t o  strong alkali 
Individual electrodes were placed i n  holders so t ha t  
The c e l l  and holders were 
AI-65-66 
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so lu t ions  and t o  radiation. 
bridge t o  a reference Hg&O electrode outside the rad ia t ion  f ie ld .  
c e l l  also contained a small bulb for  co l lec t ion  of gases formed during 
i r r ad ia t ion .  
pressure transducer of the diaphragm type, s ens i t i ve  t o  0.1 psi. 
T h i s  c e l l  contained a provision f o r  a salt 
The 
Connected t o  the c e l l  inside the rad ia t ion  f i e l d  was a 
A l a t e r  c e l l  design is shown i n  Figure 2. This s t a i n l e s s  s t e e l  
T h i s  c e l l  has a quartz H n e r  t o  contain the electrodes and e lec t ro ly te .  
type of c e l l  w a s  introduced t o  prevent the gas leakage encountered i n  the 
quartz  c e l l  design. 
the c e l l  i n  this design. 
c e l l s  and those of the e a r l i e r  design obtained during i r r a d i a t i o n  runs 
indicated no e f f e c t  on the reference electrode po ten t i a l  by the radiat ion,  
A c e l l  i d e n t i c a l  t o  t h i s  w a s  used for  the standard 45°C bath runs. 
quartz  l i n e r  with divided compartments, shown i n  Figure 3, was used during 
the s tud ie s  concerned with mater ia l  loss  from electrodes.  
The reference electrode had t o  be incorporated in s ide  
Comparison of electrode po ten t i a l  data  from these 
The 
3.  Cel l  Designs f o r  Electron and Neutron Radiation 
The two compartment polystyrene c e l l  used f o r  e lectron i r r a d i a t i o n  
i s  shown i n  Figure 4, Since the electron beam had very l i t t l e  penetrating 
power (0.95 gm/cm'), the  electrode t o  be i r r a d i a t e d  w a s  placed i n  the top 
compartment perpendicular t o  the beam and was barely covered with KOH. 
c e l l  shown i n  Figure 1 w a s  modified f o r  l a t e r  runs by removing the top 
sec t ion  of the c e l l  and i r r ad ia t ing  the c e l l  and electrodes with them i n  a 
v e r t i c a l  position. 
The 
The c e l l  design shown i n  Figure 1 w a s  used f o r  the  neutron ir- 
radiat ion.  The physical arrangement of the four  such c e l l s  as used is 
AI-65-66 
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shown i n  Figure 5. 
4. E lec t r i ca l  Ci rcu i t rx  
The e l e c t r i c a l  c i r c u i t  shown i n  Figure 6 w a s  used t o  produce the 
cycling regime and t o  measure electrochemical e f f e c t s  during i r rad ia t ion .  
The recorder w a s  a Minneapolis-Honeywell Universal 5 mv instrument with 
-50 mv suppression. The constant current-constant voltage source w a s  a 
Harrison Lab Model #855, the  timer was Kelelet  Model K2l3 and the  multicam 
timer w a s  assembled from an Indus t r i a l  Timer  Kit #MCK. 
Model #SVlOO from Self Organizing Systems was used t o  give a state of 
+ 
A sol ion device 
charge indication. 
systems were made f o r  convenience i n  taking data. 
Two completely portable e l e c t r i c a l  power and recording 
The c i r c u i t  shown i n  Figure 7 w a s  used t o  automate the capacity 
measurements. A two hour clock timer assembled from the  Indus t r i a l  T imer  
K i t  #MCK w a s  used so t h a t  two hours of charge could be introduced i n t o  the  
ce l l s .  
t h a t  two hours of discharge current could be passed. If the  c e l l s  became 
discharged below 0.8 V before this period, the re lays  cu t  the  current off 
through the  ce l l s .  
necessary the  use of two constant current supplies. 
suppl ies  were checked continuously by monitoring the  voltage across  a re- 
s i s t o r .  
After two hours of charge, microswitches reversed the  current  so  
One network of this type was used f o r  each c e l l  making 
The currents  from these 
One system of this design w a s  b u i l t  and used. 
B. RADIATION SOURCES 
1. c==& &JTu%l SsQrcps 
Two CO-60 gamma sources were used i n  t h i s  invest igat ion.  Source I 
AI-65-66 
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gave a dose rate of 8 x lo4 rads (H20) per hour* at the posit ion of the 
c e l l  i n  the source. 
6 Source I1 is rated at 1.4 x 10 rads (H20) per hour. This source 
A picture of i t  and one of the consoles w a s  used f o r  most of the runs. 
with measuring c i r c u i t s  i s  shown i n  Figure 8. 
3 inches i n  diameter x 5 inches deep. 
s t e e l  spiraled tubes coming up the column from the well. 
w a s  a l so  brought up through one of these tubes. 
closed with a s t a i n l e s s  s t e e l  cover and can then be lowered automatically 
i n t o  the source. When the s t a in l e s s  s t e e l  c e l l  w a s  used, the salt bridge 
w a s  not needed as the reference electrode w a s  ins ide  the ce l l .  A l i f t ,  
at tached t o  a timer, is avai lable  t o  automatically r a i s e  the sample a f t e r  
a predetermined dosage. 
The c e l l  i s  placed i n  a w e l l  
Leads a r e  taken out through s t a i n l e s s  
The salt bridge 
After hookup, the well i s  
2. Electron Source 
The electron source w a s  a V a n  de Graaff accelerator  capable of 
producing 2 Mev electrons at 5 pa. 
the current resu l t ing  from the collection of the electrons on the electrodes. 
The dosage w a s  monitored by in tegra t ing  
3.  Neutron Source 
The neutron source w a s  a small swimming pool reactor  i n  which a 
port  w a s  avai lable  f o r  sample i r rad ia t ions  with e i t h e r  thermal or  f a s t  
3 
rads (H20)/hour. 
neutrons. 
accompanied by gamma radiat ion of 8 x 10 
dosage varied l e s s  than 10 per cent from the center t o  the outermost of 
The f a s t  neutron dose rate  w a s  6.6 x 10 rads (H20)/hour 
3 The radiat ion 
the c e l l s  i n  the rack. 
* I t  i s  assumed f o r  this work tha t  the energy absorption of the electro- 
chemical c e l l  system is that of water. 
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c. MPERIMENTAL VARIABLES 
I 
1. Introduction 
Selection of specific values of variables to be employed and 
establishment and standardization of their effect on nickel-cadmium cell 
behavior outside the radiation field were established in the laboratory 
with respect to the following variables: 
length of cycle, state of charge about which to cycle, temperature, and 
concentration of electrolyte. 
current density, type of cycle, 
2. Typ e of Cycle 
The effects of radiation on the electrochemical behavior of the 
electrodes were investigated by following the voltage behavior of the cells 
during a cycling regime. 
discharge, 4 minutes open circuit, 6 minutes charge, and 4 minutes open 
circuit. In some early experiments this cycle was reversed. With this 
short cycle several cycles could be completed even during short irradia- 
tions . 
A 20 minute cycle was chosen, with 6 minutes of 
3.  Current 
The effect of current on the cell voltage and other parameters 
of cell behavior was tested by operating cells at several currents. 
high current, e.g., 0.40 amperes, resulted in the electrodes becoming full 
of bulges and pockets due either to excessive local heating or to excessive 
local gas evolution. 
because of the time involved in measurement of the cells' ampere hour 
A 
Low currents, such as 0.10 amperes, were not practical 
capacity. 
chosen for use on all experiments. 
An intermediate current of 0.20 ampere (25 ma/cm') was then 
A Luggin capillary placed at various 
A 1-65 - 66 
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I 
posit ions between the electrodes and behind the electrodes i n  a laboratory 
c e l l  w a s  used t o  determine tha t  a l l  the polarization w a s  due t o  the 
resis tance of the electrolyte .  
f o r  extended periods of time at 0.20 ampere current with no ill effects .  
This constant current value w a s  then used f o r  a l l  subsequent studies.  
Several c e l l s  were cycled i n  the laboratory 
4. S ta te  of Charge 
The current and cycle were chosen so that a 5 per cent change i n  
s t a t e  of charge occurs on e i the r  the charge o r  discharge portion of the 
cycle. 
not discharged very deeply due t o  cycle l i f e  l imitat ions,  a moderately 
discharged condition of the c e l l s  was selected as the point about which 
t o  cycle. I n i t i a l l y ,  a l l  cycling was carr ied out between 70 and 75 per 
cent of f u l l  charge. Later s tudies  involved cycling c e l l s  between 95 and 
100 per cent, 50 and 55 per cent,  20 and 25 per cent s t a t e s  of charge. 
Since normally the nickel-cadmium ba t t e r i e s  on space missions a re  
5. Electrolyte Concentration 
Aqueous solut ions of 30 and 35 per cent KOH have been described 
i n  the  l i t e r a tu re3  as su i tab le  concentrations f o r  nickel-cadmium ba t t e r i e s  . 
In  our preliminary i r r ad ia t ion  experiments, negligible var ia t ions i n  I R  
drop, polarization and t o t a l  capacity of the c e l l s  were observed over the 
range of 25 t o  40 per cent KOH. 
used f o r  a l l  subsequent experiments. 
each experiment i n  order t o  keep carbonate contamination t o  a minimum. 
Therefore, 3 per cent KOH solution was 
A f resh  solution was prepared fo r  
6 ,  mL.mna%-a+71T.p J. curyv,s. u " - 
The log ica l  temperature f o r  the laboratory experiments w a s  
laboratory ambient temperature which varied between 22 and 25OC. It 
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became apparent ear ly  i n  the study that temperature did cause large changes 
i n  voltage charac te r i s t ics  of the cel ls .  A laboratory c e l l  i n  Gamma Source 
I1 achieves a temperature of 45"C, so laboratory runs were made at this 
temperature also. 
cycling a c e l l  from 2 5 O  t o  45°C and back t o  25OC, w a s  poor a f t e r  2-3 hour 
periods a t  each temperature, behavior was quite  reproducible a f t e r  24 hour 
periods at each temperature. 
voltage of these c e l l s ,  a reference nickel-cadmium c e l l  w a s  usually run 
outside the source at the same temperature as the c e l l  being i r radiated.  
No sloughing off of material  from the electrodes w a s  ever observed i n  these 
external  c e l l s  during the t e s t  period. 
Although voltage reproducibil i ty,  upon temperature 
Because of the e f f ec t  of temperature on the 
D. EXPERIMENTAL PROCEDURE FOR CADMIUM ELEZTRODE CAPACITY STUDIES 
8 After one long (215 hrs. = 3 x 10 rads) i r r ad ia t ion  at 75 per cent 
state of charge, the c e l l  capacity was found t o  be l imited by the cadmium 
electrode. 
w a s  concluded tha t  the radiat ion had resul ted i n  a decrease i n  cadmium 
electrode capacity. I n  order to  study e f f ec t s  of radiat ion on cadmium 
electrode capacity, the cadmium electrode w a s  made the l imit ing electrode 
using two d i f fe ren t  types of experiments. 
electrodes were used. 
touch each other. 
d i f f i c u l t  t o  ex t rac t  charge from the inner s ides  of the electrodes due t o  
concentration polarization and the diffusion kinetics.  Nevertheless, this 
method w a s  used with f d r  success ir i  R m  #A-1. 
making the cadmium electrode l imiting was t o  cut about one-third off the 
cadmium electrode. 
As no such e f f ec t  had been observed on the nickel  electrode, i t  
I n  the f i r s t  type, two nickel  
The c e l l  s ize  required that these two electrodes 
This close proldmity of the two electrodes made it 
The second approach t o  
T h i s  w a s  the more successful technique and w a s  used 
AI-65-66 
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i n  Runs A-2 through A-27. 
The c e l l s  with the cadmium electrode l imit ing capacity were charged 
and discharged completely several times t o  get an accurate value f o r  the 
cadmium electrode capacity. 
(1% minutes in Run A-1) w a s  found t o  charge the cadmium electrode suf- 
f i c i e n t l y  t o  generate hydrogen on overcharge. 
schedule were used f o r  charging a l l  the c e l l s  before and a f t e r  the experi- 
ments. 
A current of 0.2 ampere f o r  120 minutes 
T h i s  current and time 
T h i s  resul ted i n  a l l  c e l l s  being overcharged t o  some extent. 
After the capaci t ies  of the ce l l s  were measured, the c e l l s  were 
charged at 0.2 ampere t o  f u l l  capacity. I n  R u n s  A-1  through A-27 the 
c e l l s  were then discharged t o  the prescribed per cent of f u l l  charge. 
All the  c e l l s  were then run at a constant current of 0.2 ampere through 
a cycle of 6 minutes discharge, 4 minutes open c i r c u i t ,  6 minutes charge, 
and 4 minutes open c i r c u i t  f o r  24 hours pr ior  t o  i r r ad ia t ion  and the 
cycling w a s  continued during the irradiation. 
I n  an attempt t o  res tore  l o s t  capacity a f t e r  R u n  A-3,  the c e l l ,  a t  
room temperature, w a s  f u l ly  charged and then a t r i c k l e  charge of 0.0% 
amp passed through the c e l l  overnight. 
discharged and recharged several  times i n  succession. Final ly ,  the c e l l  
w a s  cycled at 75 per cent of f u l l  charge for  24 hours. 
The c e l l  w a s  then completely 
E. RADIOLYSIS OF AQUEOUS KOH 
Various concentrations of aqueous KOH solution from 0.5 per cent t o  
40 per cent were i r rad ia ted  i n  the Co-60 gamma source to  determine the 
rad io ly t ic  products and t h e i r  dependence on the concentration of KCZ. 
Several runs using 30 per cent KOH ( the concentration used i n  almost all 
the nickel  cadmium c e l l  work) i n  contact with e i t h e r  a nickel  or  a 
AI-65-66 
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cadmium electrode were made t o  determine the  e f f ec t  of the  electrode 
mater ia l  on the  rad io lys i s  process. 
work is shown i n  Figure 9. 
Figure 9b shows the c e l l  after sealing. 
through the  open tube (Figure 9a). 
f i l l e d  with helium four times before sea l ing  the  open tube. 
off  t i p  of the c e l l  f a c i l i t a t e d  removal of the  gas fo r  analysis.  
The al l -quartz  c e l l  used i n  this 
Figure 9a shows the  c e l l  p r io r  t o  f i l l i n g .  
The e l ec t ro ly t e  w a s  put i n  
The c e l l s  were evacuated and back- 
The break- 
The c e l l s ,  a f t e r  gas analysis ,  were l e f t  under negative pressure. 
Analysis w a s  then car r ied  out f o r  peroxide i n  the e lec t ro ly te .  
w a s  done by taking a l iquots  of the solution, d i lu t ing  them with H SO- 
and adding ce r i c  sulphate. 
by the  peroxide w a s  measured with a Beckman DU spectrophotometer; this 
technique has a s e n s i t i v i t y  f o r  peroxide of 1 pg/cc. 
T h i s  
2 4' 
The amount of ce r i c  ion  converted t o  cerous 
Similar c e l l s  were used t o  study the  e f f ec t  of electrode material 
on the products of the  rad io lys i s  of KOH. 
s t r i p s  and slipped i n t o  the  c e l l  through the  narrow opening. 
runs were made i n  a l l  cases. 
from rad io lys i s  e f f ec t s ,  some duplicate c e l l s  were run f o r  the same 
t i m e  without i r r a d i a t i o n  i n  the 45°C constant temperature bath. 
c e l l s  were i r r ad ia t ed  containing 1 per cent peroxide i n  
KOH t o  check on the  peroxide s t ab i l i t y .  
The electrodes were cut  i n  
Duplicate 
In  order t o  separate temperature effects 
Two 
per cent 
AI-65-66 
18 
I 
Figure  9a. Quartz Capsules f o r  B a d i o l y s i s  Zxperiments 
gb. Capsule F i l l e d  and Sea led  
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I11 . IRRADIATION RESULTS 
A. ELECTROCHEMCAL EFFECTS 
1. Voltage Changes 
I n  Run #3 the  voltages of the c e l l  being i r r ad ia t ed  and the 
45°C reference c e l l  diverged progressively t o  a difference of 10 mv 
at  the  end of 62 hours as i s  shown by the  open c i r c u i t  voltage i n  
Figure 10. 
s imi la r  measurement could not be made due t o  f a i l u r e  of the reference 
ce l l .  T h i s  e f f e c t ,  because of its small magnitude, w a s  not  pursued 
i n  the  la ter  studies.  
Unfortunately, i n  the longer run of 215 hours, #5, a 
2. Capacity Chanaes 
After the 215-hour run i n  Gamma Source I1 (Run #5), the  c e l l  
It was noted t h a t  the cadmium w a s  discharged at the 0.2 ampere rate. 
e lectrode became the  electrode l imit ing the t o t a l  capacity of the  ce l l .  
T h i s  is  shown i n  the discharge curve of Figure 11, recorded a f t e r  a 
complete discharge and charge cycle of t h i s  ce l l .  
before i r r a d i a t i o n  invariably have shown that the nickel  electrode 
l i m i t s  the  c e l l  capacity at about 0.4 ampere-hour (120 minute discharge 
a t  0.2 ampere). 
215 hour i r r ad ia t ion  (Run #5),  the c e l l  and spec i f ica l ly  the cadmium 
electrode,  went through a 70 mv voltage s t e p  downward a f t e r  approfi- 
matelg me-third discharged. Upon recharging the c e l l ,  t h i s  s t e p  did 
not appear nor did i t  reappear on subsequent discharge. 
function was subsequently observed i n  every c e l l  which w a s  exposed t o  
T e s t s  on such c e l l s  
During the i n i t i a l  discharge of the c e l l  a f t e r  the 
T h i s  s t e p  
AI-65-66 
20 
I 
I 
t 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
t 
I 
I 
w 
(3 
-14 
a!i 
“‘1 
3 
0 
0 
z 
0 
cu 
t 
-1 
J 
W 
0 
.AI- 65-6 6 
21 
0 
0 
o! - 
I 
# d 
0 
a 
cd 
k 
k 
H 
0 
u3 
I 
0 u 
a 
k 
cu 
I 
l i  
-4- 
\D 
I cu 
I I I I 
S11OA 
c, 
cd 
d a 
cd 
k 
k 
H 
4 a 
Ld 
b 
0 
I 
0 u 
k 
0, 
c, ccc 
4 
rl 
d 
Q) 
u 
AI-65-66 
22 
4- 
M 
+ I  
a 
“! 
3 
I 
0 
4 
8 8 8 8 8 8  
9 
4 
Ir\ 
cn + I  
m 
o\ 
0 
rl 
I 
a 
M 
a 
3 
i 
4- 
4 
I 
“s “!f l  
M O Q M  
I I I  
M N N  8 0 b m  
d r l  
8 8 8 8  
r l r l r l d d d  
Y * c  
AI-65-66 
23 
“9 
M 
+ I  
M 
9 
? 9 ?  ? 
L n r u c u o r u L n  
1 + 1  + +  
% 8  
rl 
Ln 
rl 
+ I  
rl 
a 
rl 
ru 
I 
9 ? ? \  
C U C U M M O  
I 1 1 1  
8 8 8 8 8 8  
r l r l d d r l r l  
b 
rl 
+ I  
“9 
d + 
“9 
rl + 
“0. 
cO 
+ I  
? 
4- 
a- + 
AI-65-66 
24 
TABLE I I I A .  RESULTS FROM CADMIUM ELECTRODE CAPACITY MPERIMFSJTS: 
GAMMA IRRADIATION RESULTS OF CELLS UNDER SPECIAL CONDITIONS 
% Initial Capacity F ina l  Capacity % 
R u n  # Full Charge Min. 0 0.2 Amp Min. @ 0.2 Amp Change 
R-25* 75 
~ - 2 6 *  75 
71 
94 
~ - 2 7 *  75 101 
~ - 2 8 * *  75 92 
73 + 2  
93 + 1  
84 -17 
83 -10 
~~ ~~ ~- 
*Open c i r c u i t  c e l l s  
**Cells cycled a t  0.2 amp with a cycle three times as long as normal 
TABU I I I B .  RESULTS FROM CADMIUM ELECTRODE CAPACITY MPERIMENTS: 
45°C BATH RESULTS OF CELLS UNDER SPECIAL CONDITIONS 
% Initial Capacity F ina l  Capacity % 
Run # Full Charge Min. 0 0.2 Amp Min. Q 0.2 Amp Change 
R-25* 75 74 74 
R-26* 75 90 90 
~ - 2 7 * *  75 Lost bath run due t o  temp c o n t r o l  f a i l u r e  
R-28 * * 75 84 79 
*Open c i r c u i t  
**Cells cycled at 0.2 amp with a cycle three times as long as normal 
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45"C, even without radiation. 
temperature alone. 
charge. Two runs were accidentally discharged before the c e l l s  had 
cooled down t o  room temperature. I n  each case, excess capacity w a s  
observed on the  i n i t i a l  f u l l  discharge. 
upon subsequent discharges. 
Thus the behavior i s  a consequence of 
The hump always disappeared after the i n i t i a l  dis-  
T h i s  trend disappeared a l s o  
The l o s s  of capacity by the cadmium electrode w a s  considered 
an important radiat ion e f f ec t  and was the  subject  of an extensive study. 
Studies a t  75 per cent of charge of the cadmium electrode showed that 
the cadmium electrode l o s t  an average of about 11 per cent of its 
capacity. 
charge showed l i t t l e  o r  no l o s s  i n  capacity. 
f o r  i r r a d i a t e d  c e l l s  a r e  shown i n  Table I. 
data are shown i n  Table 11. 
is shown i n  Figure 12. 
Studies of cadmium electrode a t  loo%, 50% and 25% states of 
The data  on capacity l o s s  
The corresponding 45°C bath 
A plo t  of capacity loss - vs s t a t e  of charge 
In  contrast ,  two i r rad ia t ion  runs at  75 per cent state of 
charge, with the c e l l s  on open c i r c u i t ,  r a t h e r  than the  normal cycling 
regime showed no lo s s  i n  capacity of the  cadmium electrode. 
cycling played some part i n  the capacity lo s ses  observed. 
at 75 per cent ,  using a cycle three times as long, were i r r ad ia t ed  and 
both l o s t  capacity. 
Thus, 
Two c e l l s  
3.  Experimental Voltammetry Data 
Fast  anodic and cathodic voltage sweeps were made on both the  
n i cke l  and cadmium electrodes r e l a t ive  t o  the respective r e s t  po ten t ia l s ,  
i.e., the  voltage of the electrode with reference t o  the H@;/HgO electrode, 
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at various times before, during and a f t e r  the i r rad ia t ion .  The data,  as 
shown i n  Figures 13 and l3A f o r  the nickel electrode and i n  Figures 14 
and 14A f o r  the cadmium electrode, were calculated from the pictures  of 
the voltage sweeps obtained from the oscilloscope. 
was subtracted from the voltage i n  each case. 
cathodic data  f o r  each case, two pictures were required; these are 
combined i n  the calculated f igures  to  show the complete current-voltage 
charac te r i s t ics  of the electrodes. The shape of the curves ind ica te  
t h a t  other than a change i n  I R  drop with temperature, the polarization 
e f f e c t s  were s m a l l .  
The l i n e a r  I R  drop 
To ge t  the anodic and 
B. MATERIAL LOSS FROM THE ELECTRODES 
It w a s  apparent from the very first run t h a t  some physical damage 
w a s  occurring t o  the electrodes i n  that so l id  material w a s  found on the 
bottom of the i r r a d i a t e d  ce l l .  
The electrodes were washed using a wash b o t t l e  and the dislodged s o l i d s  
were combined with the precipi ta te .  
moval of t h i s  loosened material  by ultrasonic cleaning proved t o  be 
unsatisfactory. Ultrasonic treatment of cycled electrodes,  whether ir- 
radiated o r  not,  resul ted i n  the loss of large amounts of material. No 
material loss had been obtained from similar treatment of uncharged 
non-cycled electrodes.) I n  a l a t e r  experiment visual  observation a t  
half-hour i n t e r v a l s  of a c e l l  a t  open c i r c u i t  conditions showed that 
clouding of the e lec t ro ly te  began a f t e r  one hour of i r r a d i a t i o n  i n  
Source 11, i.e., 1.4 x 10 rads (H20). 
weighable mount of prec ip i ta te  was obtained w a s  5.8 x lo6 rads (H20). 
This material  w a s  collected by f i l t r a t i o n .  
(An e f f o r t  t o  insure complete re- 
6 The lowest t o t a l  dose f o r  which a 
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The amounts of material l o s t  from the electrodes i n  r e l a t i o n  t o  the 
t o t a l  dose a r e  plot ted i n  Figure 15. 
relationship.  
the higher dose rate than a t  the lower. 
The data show a monotonic functional 
The r a t e  a t  which the material  w a s  sloughed w a s  greater  a t  
Column 8 i n  Table V. 
Several  commercial c e l l s  ( f ive  electrodes i n  a p l a s t i c  case) on open 
c i r c u i t  were i r rad ia ted  i n  Gamma Source 11. (Table I V ,  Co-60 &.) These 
c e l l s  were f u l l y  charged, discharged t o  75 per cent of capacity, and then 
cycled f o r  24 hours, as described e a r l i e r  f o r  the laboratory c e l l s ,  p r i o r  
t o  the i r radiat ion.  These c e l l s  a f t e r  i r r a d i a t i o n  were bulging consider- 
ably due t o  gas buildup i n  the ce l l .  Upon opening the c e l l s ,  sloughed 
material  w a s  observed on the separator but only where i t  w a s  i n  contact 
with the nickel  electrode. The cadmium t o  nickel  r a t i o  of this material  
w a s  2:l. 
from the N i  electrode appeared t o  have no measurable e f f e c t  (-2%) on the 
capacity of the c e l l  which w a s  determined before and a f t e r  the i r radiat ion.  
The amount obtained was not weighed. The l o s s  of this material  
+ 
Fxperiments carr ied out were then designed (a) t o  obtain more 
d i r e c t  evidence as t o  the source of the sloughed material ,  and (b) 
t o  determine how the sloughing was affected by the state of charge 
of t h e  electrodes. 
C. ANALYSIS OF SLOUGHED MATERIAL 
When a su f f i c i en t  quantity of residue ( 2  mg) was avai lable  from 
gamma and electron i r r ad ia t ion ,  i t  w a s  analyzed using emission spectro- 
graphy o r  x-ray fluorescence. 
measurable amount of residue, a l l  the e lec t ro ly te  w a s  neutralized and 
I n  some runs i n  which there  was no 
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evaporated t o  dryness. 
res idues were then analyzed. 
Table V. 
w a s  made i n  the  preliminary runs i n  order t o  include a l l  the t race  
elements i n  t h e  determination. Where su f f i c i en t  material w a s  ava i lab le  
the samples were analyzed again spec i f ica l ly  f o r  the cadmium t o  n icke l  
r a t i o ,  as this quantity seemed t o  be s ignif icant .  
given i n  column 7 i n  Table 111. The t race  elements found i n  the residues 
correspond t o  those expected from the mater ia ls  used i n  c e l l  manufacture. 
The high percentage of cobalt found may be ascribed t o  the  high cobalt  
content usually found i n  nickel. X-ray ana lys i s  of the mater ia ls  from 
Run #5 and the materials from the subsequent A se’ries runs showed 
Cd(OH)2> N i  metal> CdO> Cd metal. 
i n  the  x-ray pattern. 
the  separated c e l l  a f t e r  a typ ica l  i r r ad ia t ion  run. 
Representative samples of these evaporated 
Results of these analyses a r e  shown i n  
Some s a c r i f i c e  i n  precision of the  n icke l  and cadmium analyses 
These results a re  
There were some unident i f ied l i n e s  
Figure 16 shows the material i n  the bottom of 
A s igni f icant  cor re la t ion  is found i f  the cadmium t o  n icke l  r a t i o s  
i n  t h e  sloughed mater ia l  of runs at 75 per cent s t a t e  of charge using 
one N i  plus one Cd electrode are compared t o  the weight of mater ia l  l o s t .  
Table V I  shows these resul ts .  
amount of material l o s t ,  the  lower the r a t i o  of cadmium t o  nickel. 
e lec t ron  i r r a d i a t i o n  r e s u l t s  again are included and follow the trend. 
It should be noted tha t  the greater the  
The 
Since cadmium and nickel  were known t o  exist on both electrodes,  a 
decision as t o  which electrode w a s  the  major contributor could not be 
made from the above data. 
separator  w a s  designed f o r  use i n  the s t a i n l e s s  s teel  c e l l s  t o  help 
A c e l l  l i n e r  containing a qiik-tz porzus ~ESC 
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F i g u r e  16. M a t e r i a l  L o s t  from E l e c t r o d e s  
i n  Bottom o f  S e p a r a t e d  C e l l  
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TABLE V I .  
FROM CELLS USING ONE NICKEL AND ONE CADMIUM ELECTRODE 
CADMIUM/NICKEL RATIO OF SLOUGHED MATERIAL 
Cd/Ni W t .  of Mat'l Tota l  Dose 
Experiment Ratio (mg) ( rads)  
1.5 X 10 8 
8 
CO-60 RW #10 40:1* 5.9 
CO-60 RW #11 3:1* 4.1 1.5 x 10 
Co-60 Run #1 1O:l low+ 1.7 X 10 7 
2 x 10 9 
8.7 x 10 7 
Electron Run #5 1O:l 6.5 
CO-60 Run #3 7:1 10.1 
CO-60 RW #2 6:l 35.6 1.0 x 10 
CO-60 Run #5 3:1 77 
8 
3 x 10 8 
* Only rough analyses were possible on these samples - 
therefore ,  the r a t i o s  a re  not as r e l i a b l e  as those of 
the other  runs. 
+ Contaminated by tungsten but amount w a s  less than 5 mg. 
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determine which electrode was dis integrat ing the  more and what the e f f e c t  
of state of charge had on this weight loss. 
show t h a t  the cadmium electrode is losing by f a r  the most material ,  
Figure 17 shows a p lo t  of the weight l o s s  from the cadmium electrode as a 
function of s t a t e  of charge. 
The data  i n  Table VI1 c lea r ly  
D. GAS EVOLUTION I N  THE ELECTROCHEMICAL CELLS 
A s t a i n l e s s  s t e e l  c e l l  with a quartz l i n e r  (Figure 2) w a s  constructed 
t o  measure gas evolution, and resu l t ing  pressure buildup i n  the c e l l s ,  
The pressure transducer i n  these measurements w a s  a diaphragm type which 
has a voltage output of 5 mv per psi. The s e n s i t i v i t y  of the  transducer 
w a s  0.1 p s i  over 0-20 psig. 
s t e e l  quartz-lined c e l l .  
c e l l  pressure with time during this run, 
curve are:  
the cadmium electrode,  (2) a rapid increase i n  pressure upon placing the 
c e l l  i n  the source, due t o  two fac tors ,  (a) the temperature r i s e  and (b) 
the  r ad io lys i s  of the solut ion giving oxygen and hydrogen gas, (3) a 
fu r the r  steady pressure increase due t o  r ad io ly t i c  gas production and 
(4) a pressure decrease on removal of the c e l l  from the source due t o  
temperature decrease and oxygen uptake by the cadmium electrode. 
Run #10 w a s  the  f i r s t  run with the  s t a i n l e s s  
Figure 18 shows the var ia t ion  of the measured 
The important f ea tu re s  of this 
(1) the init ial  drop i n  pressure, due t o  oxygen uptake by 
During the run the  cadmium electrode continues t o  take up some of 
the  oxygen so that the  resu l tan t  pressure i s  due t o  a var ie ty  of factors .  
The constant pressure region towards the end of the i r r a d i a t i o n  is, at 
present ,  d i f f i c u l t  t o  explain. A steacQ state between rad io lys i s ,  producing 
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TABLE V I I .  MATERIAL LOSS FROM ELECTRODES I N  DIVIDED CELL STUDIES 
State of Charge Wt. Loss from Cd/Ni W t .  Loss from Cd/Ni Total  
Run # of Cd Electrode Cd Electrode Ratio Ni Electrode Ratio W t .  Loss 
A-5R 100 30.7 3:1 11.1 1:lO 41.8 
A - 1 8 ~  100 19.2 4O:l 0.8 1:3 20.0 
_r*_l-------- 
A-19 100 36.9 25:l 12.0 2:l 48.9 
A-13 75 14.7 1.63. 2.0 1:i 16.7 
A-17 75 28.3 50:l 2.3 1:l 30.6 
~ - 2 5 *  75 
~ - 2 6 *  75 
4.4 l e 3  
4.6 3:1 1.5 
5.7 
6.1 
A-7 50 11.7 5:3 3.5 1:l 15.2 
A - 2 1  50 10.9 1O:l 1.1 1:5 12.0 
A-22 50 10.7 11:l .1 1:io 10.8 
A-23 25 11.7 8:1 2.8 1:20 14.5 
A-24 25 9.7 20:l 1.7 1:l 11.4 
*Data from open c i r c u i t  cells 
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I 
oxygen, and cadmium electrode reaction with oxygen i s  a possible explana- 
t i o n  but  this is  only conjecture. The f i n a l  decay of pressure due t o  
temperature drop and the cadmium electrode-oxygen react ion,  a f t e r  the  
c e l l  w a s  removed from the source, w a s  a l so  measured. 
Table V I 1 1  summarizes the r e su l t s  of the gas analyses from the two 
runs. A valve leak and air contamination occurred a t  the  conclusion of 
R u n  #lo. 
have lowered the CO and CH4 concentration below the detection limit, 
R u n  #ll the methane and carbon monoxide probably a r i s e  from the act ion 
of r ad io ly t i ca l ly  produced hydrogen atoms on some carbon-containing 
compound. The or ig in  of the carbon-containing compound has not been 
determined but may a r i s e  from carbonate i n  the  e l ec t ro ly t e ,  from the  
electrode binder o r  from the neoprene rfOrf r ing  s e a l  i n  the s t a i n l e s s  
s t e e l  ce l l .  The pressure rises of 2-2.5 lbs.  appeared t o  be a minor 
e f f e c t  so fu r the r  experiments along t h i s  l i n e  were suspended. 
mechanism which caused these pressures w a s  of concern s ince KOH is a 
common e l ec t ro ly t e  t o  several  rechargeable ba t t e ry  systems. 
T h i s  occurrence probably decreased the hydrogen r e s u l t  and may 
I n  
The 
E. RADIOLYSIS OF KOH SOLlRlIONS 
Various concentrations of aqueous KOH were i r r a d i a t e d  i n  a Co-60 
source t o  determine the  products produced, the quant i ty  of each, and 
the e f f e c t  of the mater ia ls  from the n icke l  and cadmium electrodes on 
this production. 
No hydrogen peroxide ( l e s s  than lpg /cc )  w a s  detected i n  any of the 
samples examined approximately 24 hours a f t e r  removal from the f i e ld .  
rfG1f values f o r  the  production of these gases were calculated. 
Hydrogen and oxygen were the only products detected. 
(The 
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IrGtl value is defined as the number of molecules produced per 100 ev of 
rad ia t ion  absorbed.) The data  from these s tud ies  are given i n  Table I X .  
rlG" values f o r  H2 and O2 i n  30 per cent KOH i n  the presence of n icke l  or 
cadmium electrodes were a l so  obtained and are shown i n  Table X. These 
data  are represented graphically i n  Figure 19. 
TABLE V I 1 1 0  PRESSURE INCREASE AND GAS ANALYSES 
OF GAMMA RUNS #10 AND #ll 
Pressure Increase G a s  Analysis (Vol. %) 
0, N, CHI, co 
L L 
Run #lo 2.6 lbs. 2.1 18.4 79.6 0 0 
R u n  #11 2.3 lbso 8.1 1.2 90.2 17 05 
F. RESULTS FROM ELECTRON IRRADIATIONS 
Instrumentation of the electron source required that the  ce l l s  be 
l e f t  on open c i r c u i t  during these i r radiat ions.  A decrease of about 
3 mv i n  this voltage occurred but was thought t o  be e n t i r e l y  due t o  
the  increase i n  temperature, which reached 52OC. 
not used f o r  comparison during these shor t  runs because of the  uncertainty 
i n  temperature across  the  ce l l .  
A reference c e l l  was 
Table X I  summarizes the r e s u l t s  of these runs. 
only one electrode was i r r ad ia t ed  per run and, due t o  absorption by the 
electrode,  the  penetration of t he  electron beam w a s  s m a l l .  
run, the  electron beam impinged primarily on the  electrolyte .  Thus, i n  
the  first four  runs, tne upper electrode WBE cnvered with only a l i t t l e  
e l ec t ro ly t e ,  and the  amount of rad io lys i s  occurring w a s  small. 
I n  Runs #1 through 4 
I n  the  f i f t h  
I n  the 
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TABLE I X .  RADIOLYSIS PRODUCTS AND CALCULATED YIELDS FROM 
co-60 GAMMA IRRADIATION OF VARIOUS CONCENTRATIONS OF KOH 
7 (Dose = 6.6 x 10 rads;  Temp. = 45°C; H e  Cover Gas) 
G Sample System* 
Pressure G(H2) (02) 
Gas Phase Composition 
Run # % KOH % H2 % O2 % N2 (m Hg) 
R-8-9 
R-10-2 
R-10-3 
R-6-1 
R-8 -F 
R-6-2 
R-6-3 
R-8-C 
R-8-D 
R-8-2 
R-6-4 
R-10-4 
0.5 
0.5 
0.5 
10 
10 
20 
20 
30 
3 
40 
40 
40 
22.4 
11.4 
19.1 
2.2 
0.8 
5.9 
3.5 
2.0 
4.1 
5.9 
16 
5.3 
12.0 
7.7 
9.2 
0 
0.16 
0 
0 
0.8 
1-5 
2.0 
3.4 
1-9 
0.04 
.84 
85 
0.34 
0.30 
0.31 
0.77 
4.0 
4.1 
0.2 
5.6 
1.5 
56 
74 
44 
22 
19 
28 
28 
39 
19 
21 
5 
39 
0.09 
0.07 
0.07 
- 0 9  
eo12 
-014 
0009 
0.008 
0.008 
0.oog 
0.008 
0.01 
0.05 
0.04 
0.03 
0 
0 
0 
0 
0.002 
0.002 
0.003 
0.005 
0.009 
*Sample system pressure measured when c e l l  connected t o  chromatographic sampling 
Variations i n  t h i s  parameter i n  the runs with H e  cover gas probably a- system. 
r ise from variable expansion of the gas during c e l l  seal ing prior t o  i r r ad ia t ion .  
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TABLE X. RADIOLYSIS OF KOH CONTAINING Ni or Cd ELECTRODES 
(Dose = 6.6 x 10 7 rads; Temp. = 45°C; He Cover Gas) 
Sample System*** 
Pressure G G Gas Phase Composition 
(H2) (02) 3z H2 % O2 % N2 (mm H d  - 
Elec- 
R u n  # trode 
R-8-4* Ni 9.9 52.3 0 16 0.014 0.044 
R-10-6 Ni 3.8 25.1 0 27 0.009 0.052 
R-8-3 Cd 16.1 0 0.44 21 0.025 0 
R-10-5 Cd 6.0 -01 1.2 51 0.025 0 
~-8-5** Ni 0 16.1 1.1 17 --- 
~~ 
corrected for apparent self discharge to produce 0 
**These samples were not irradiated but rather were stored at 45°C 
as *G(02) observed in R-8-5 2 
for a period equal to the irradiation time 
***See footnote Table VI. 
TABLE XI. ELECTRON IRRADIATION RESULTS 
Electrode Sloughed Dosage 
8 
8 
9 
R u n  # Exposed Material (mg) (rads HpO) 
1 Ni None 5 x 10 
5 x 10 2 Cd 
2 x 10 3 Ni 
11 
I t  
4 Cd 11 2 109 
9 5 Both 6.5 2 x 10 
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last run, the  e lec t ro ly te  received more radiat ion and sloughing w a s  
observed. The r e s u l t s  of R u n  #5 a r e  consistent with the  hypothesis 
that rad io lys i s  of the e lec t ro ly te  playing a ro l e  i n  the loss of 
material from the  electrodes. 
sloughed i n  R u n  #5 corre la tes  reasonably w e l l  with t h a t  obtained i n  t h e  
Co-60 i r r ad ia t ions  as i s  shown i n  Figure 14 and Table I V .  
The weight and analysis  of the  mater ia l  
G. RESULTS FROM NEUTRON IRRADIATION 
Figure 5 shows the  physical arrangement of the c e l l s  f o r  our neutron 
i r rad ia t ion .  
( r a n d  n) of 7.4 x 10 
electrodes w a s  observed. Some transmutation react ions had occurred. 
The post-run gamma spectra ,  indicat ing the predominant peaks, are shown 
i n  Figures 20 and 21, The energy cal ibrat ion l i n e  i s  included s ince i t  
is required t o  determine the energy of t he  respective peaks. 
under the  peaks i s  a measure of the amount of isotope present. The 
nuclides formed and t h e i r  mode of production a re  summarized i n  Table XII. 
The post-run examination of the e lec t ro ly te  showed only the beta radiat ion 
due t o  potassium 41. 
spectrographic analysis  showed a t race of cadmium present but no evidence 
of any nickel. 
The c e l l s  were i r r ad ia t ed  f o r  52 hours f o r  a t o t a l  dosage 
5 rads. No sloughing of material from any of the  
The area 
Evaporation of the e lec t ro ly te  and subsequent 
The f a c t  t h a t  no sloughing was observed i s  consistent with the 
6 r e s u l t s  obtained from CO-60 i r r ad ia t ions  i n  which a dose'of 1.4 x 10 
rads  (H,O) w a s  required t o  observe any e f f e c t s  associated with sloughing. 
T h i s  source d id  not provide neutrons only; however, from the  very l imited 
information avai lable ,  i t  would appear t h a t  f a s t  neutrons are not a great  
L 
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deal  more damaging than gamma radiat ion with respect t o  mater ia l  loss 
from the  electrodes. 
TABLE X I I .  NUCLIDES AND THEIR MODE OF PRODUCTION 
Electrode Nuclide H a l f  Life Mode of Production 
Cadmium Cd115 53 hrs. Cd1l4 (?,a) Cd 115 
6.7 hrs. Cd106 (y,X) Cd 107 
- 
Cd107 
co 58 71 days NiS7 ( 7 , X )  Co 58 
65 2.56 hrs. N i 6 4  (?,a) N i  65 
co 58 71 days NiS8 (?,a) Co 58 
co 60 5.26 yrs. (?,a) Co60 
Cdl” 53 hrs. Cd1l4 (q,a) Cd115 
Nickel N i  
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I V .  DISCUSSION 
A. ELECTROCHEMTCALETFEXTS 
1. Voltage Characterist  
OF GAMMA IRRADIATION RESULTS 
.cs -
Voltammetry experiments on Ni-Cd c e l l s  during CO-60 i r r a d i a t i o n  
showed that the i r r a d i a t i o n  had l i t t l e  i f  any e f f e c t  on the  polar izat ion 
charac te r i s t ics  of the electrodes. 
a t en  mi l l ivo l t  drop i n  the open c i r c u i t  po ten t ia l  of a c e l l  w a s  ob- 
served. 
During a 62 hour run (8 x 10 7 r ads ) ,  
T h i s  w a s  not explored fur ther  t o  determine the mechanism. 
2. Loss i n  Cadmium Electrode Capacity 
One important parameter i n  the capacity l o s s  phenomenon appears 
t o  be the electrode state of charge. 
Figure 11 indica te  that at 100 per cent and 50 per cent s t a t e  of charge 
very l i t t l e  capacity is l o s t  by the cadmium electrode, while a t  25 per 
cent of charge no loss is observed. On the other hand, a t  75 per cent 
of charge the cadmium electrode l o s t  capacity when the electrodes were 
cycled through a charge-discharge regime. 
capacity greater  than the standard deviation occurred a t  75 per cent 
state of charge during every run at  75 per cent of charge is evidence 
that the e f f e c t  i s  real. 
of two factors :  
due t o  var ia t ions i n  manufacturing variables,  o r  (b) dependence on whether 
t he  c e l l  cycled higher o r  lower than 75 per cent s t a t e  of charge. The 
fact t h a t  i r rad ia ted  cells in the open circ1Lt mnde at 75 per cent s t a t e  
of charge did not l o se  capacity shows t h a t  cycling is another parameter 
associated with this capacity loss phenomenon. 
The data shown i n  Table I and 
The f a c t  that a l o s s - i n  
The data spread may be due t o  e i t h e r  o r  both 
(a)  var ia t ion i n  s t ructure  of the electrodes themselves 
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T h i s  l o s s  i n  capacity may mean changes i n  composition o r  
s t ructure  of the cadmium electrode are occurring during the i r r a d i a t i o n  
of a cycling ce l l .  
species may be responsible f o r  the observed phenomenon: 
Formation of one o r  more of the following cadmium 
(a)  d ,  ,9' o r  Y cadmium (4) 
(b) CdO ( 5 )  
(c )  Cd02'n H20 ( 6 )  
(d) Inactive Cd(OHI2 (7) 
Present data are insuf f ic ien t  t o  permit a choice between these o r  other 
possible cadmium species as being the electrochemically inact ive form. 
B. MATE3IAL LOSS FROM EX&CTRODES 
1. Mechanisms of Material Loss 
The amount of material  l o s t  from electrodes i n  i r r a d i a t e d  cel ls  
8 (-10 
i r r a d i a t e d  electrodes operating at 45"C, the temperature i n  the gamma 
source 11. Obviously, then, radiation or a product of i r r a d i a t i o n  i s  
i n t e r a c t i n g  with the electrode material i n  some way t o  cause this effect ,  
rads) i s  normally about t e n  times greater  than t h a t  l o s t  from un- 
Two mechanisms appear as possible causes f o r  the sloughing 
phenomenon observed t o  accompany i r rad ia t ion  of the nickel-cadmium ce l l s .  
Ei ther  or both of these may be causing this phenomenon. These mechanisms 
are : 
a. The Mechanical Effect of Rapid G a s  Evolution 
Hydrogen and oxygen are formed i n  the e lec t ro ly te  by radio- 
l y t i c  action. Hydrogen is a l s o  formed at the cadmium electrode on charging 
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t 
at or near 100 per cent s t a t e  of charge. 
evolved, e i t h e r  i n s ide  or  outside the electrodes,  may mechanically dis- 
lodge material from them. 
would be l i k e l y  t o  occur throughout the e l ec t ro ly t e ,  including regions 
within the pores of t he  electrodes. T h i s  could then lead t o  extensive 
sloughing of weakly adherent material. 
plaque of the cadmium electrode i s  probably more eas i ly  dislodged than 
is  the ac t ive  nickel  species on the nickel  eleCtrode. 
chemical evolution of hydrogen a t  the cadmium electrode near 100 per 
cent s t a t e  of charge probably accounts f o r  the l a rge r  l o s s  of material  
at this state ofla charge. 
The oxygen and hydrogen thus 
The evolution of gases during i r r a d i a t i o n  
The cadmium-bonded t o  the nickel  
The electro- 
b. The Chemical Action of Free Radicals -
Hydroxyl, hydrogen and oxygen f r e e  r ad ica l s ,  may react  with 
- 
the  materials of the electrodes. The reaction would release large amounts 
of energy and could i n  themselves be responsible f o r  dislodging the 
mater ia l  from the electrodes. While some cause of the sloughing phenomenon 
other  than those associated with the rad io lys i s  of the e l ec t ro ly t e  i s  
possible,  i t  does not appear as likely. 
2. Effect of Cycling on Material Loss 
Some l i g h t  on the place of a t t a c k  leading t o  sloughing was shed 
by the r e s u l t s  of tests on c e l l s  run at 75 per cent state of charge on 
open c i r cu i t .  These c e l l s  produced smaller amounts of sloughed material 
T h i s  f a c t  would tend t o  indicate  CLn- t h s e  ixiiergoing current cycling. 
that the radiat ion or  products thereof a f f e c t  t he  ac t ive  material  being 
cycled through successive charges and discharges. T h i s  affected material 
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becomes dislodged, and is tha t  which is sloughed. T h i s  appears reasonable 
as this cycling material  would be the most chemically ac t ive  i n  the e n t i r e  
c e l l  system and thus would a c t  as  the c a t a l y t i c  centers  f o r  gas evolution 
o r  r a d i c a l  reactions. 
lead t o  large amounts of material being sloughed by mechanical action. 
Also, more rapid gas evolution at these s i t e s  would 
3 .  The Electrode of Origin of t he  Sloughed Material 
It w a s  observed Table V I  t h a t  the higher the t o t a l  gamma dose the 
grea te r  the amount of material l o s t  from the electrodes. 
r a t i o s  of the sloughed material ,  i t  is evident t h a t  more cadmium than 
nickel  is dislodged. Wet a n a l y s i s  of the electrodes,  exclusive of the 
s t e e l  skeletons, showed that cadmium const i tutes  2.5 per cent of the 
n icke l  electrode and about 25 per cent of the cadmium electrode, with 
n icke l  making up the remaining percentages of metals. 
near the surface of the nickel  electrode t o  a c t  as an oxygen g e t t e r  i n  
overdischarge. 
is only present i n  the s intered plaque. 
lodged f i r s t  would be r icher  i n  cadmium than i n  nickel  f o r  e i t h e r  electrode. 
The da ta  i n  Table V I 1  show t h a t  almost a l l  the material sloughed comes from 
the cadmium electrode. 
material from the cadmium electrode while t h e  Cd/Ni r a t i o  of t he  material  
from the nickel  electrode i s  of the order of 1:l. 
consis tent  with the cadmium t o  nickel r a t i o  obtained f o r  the material  
found on the nickel  electrode side of the separator from as-delivered 
c e l l s  which had been i r radiated.  
From the Cd/Ni 
Cadmium is placed 
The nickel  on the cadmium electrode, on the other hand, 
I n  both cases,  material d i s -  
The Cd/Ni r a t i o s  are exceedingly high i n  the 
T h i s  composition i s  
Since no dislodged material  was f o - i d  
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on the  cadmium s ide  of the  separator,  the  conclusion was drawn e a r l i e r  
i n  the  present invest igat ion that the n icke l  electrode contributed most 
of t he  sloughed material;  this has now been shown t o  be not the case f o r  
c e l l s  i n  the  absence of separator material, 
sloughs only i n  the  open c e l l  configuration and not i n  the  closely packed 
commercial c e l l s  i s  not known, but may involve react ion of rad io lys i s  
products with the  separator o r  perhaps i s  a t t r ibu tab le  t o  the small 
amount of solut ion present i n  the  commercial ce l l s ,  
Jus t  why the  cadmium electrode 
The l a rges t  amount of cadmium metal l o s t  from any electrode 
t e s t ed  w a s  less than the  77 mg of t o t a l  sloughed material observed on 
a 75 per cent state of charge run, 
l o s s  su f f i c i en t  t o  account f o r  t h e  loss i n  capacity, 
I n  no case was the amount of mater ia l  
C. RADIOLYSIS OF THE ELECTROLYTE 
The very low "G" values f o r  hydrogen and oxygen given i n  Tables I X  
7 and X suggest t h a t  a t  a t o t a l  dose of 6.6 x 10 
of the KOH solut ions i s  i n  a steady state condition, i ,e, ,  very l i t t l e ,  i f  
any, ne t  formation of products i s  occurring. T h i s  would mean t h a t  the "G" 
values reported are apparent yields,  
f o r  t h e  rad io lys i s  of KOH solutions,  i r r ad ia t ions  of lower t o t a l  dosage 
should be made. 
be determined, and would y ie ld  t rue "GIf values as wel l  as more data  on the 
mechanism of the process, 
rads  (H20) the  rad io lys i s  
To determine the  i n i t i a l  "GI1 values 
T h i s  would enable the course of build-up of products t o  
A t  30 per cent KOH the y ie ld  of O2 and H is very small. The n icke l  2 
electrode a f f e c t s  the  y ie ld  of O2 i n  a s t r ik ing  manner as shown by the 
20-fold increase i n  the  rtG1f value fo r  02. The rad ia t ion  appears i n  some 
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way t o  be discharging the n icke l  electrode, o r  the  nickel  electrode i s  
catalyzing the  decomposition of or  react ing with an intermediate,  e.g., 
hydrogen peroxide. (While hydrogen peroxide w a s  not detected i n  radio- 
lyzed e lec t ro ly tes ,  i t  may still be produced as an intermediate i n  the  
process.) 
negl igible  . 
is considered 
(€32) 
The e f f e c t  of the nickel electrode on G 
As expected, no oxygen was detected i n  the  presence of the  cadmium 
due t o  the  presence of the cadmium (H2) electrode. 
e lectrode i s  not surprising. 
product w i l l  enhance the production of another. 
of cadmium metal with OH rad ica ls  would permit t he  formation of hydrogen 
The large increase i n  G 
This is t o  be expected as removal of one 
For example, react ion 
(2) gas as w a s  shown previously i n  the rad io lys i s  mechanism presented. 
(H2) and (02) T h i s  postulated e f f ec t  of the electrodes on G 
produce on them a form of s e l f  discharge. 
leave a charged c e l l  on open c i r c u i t  i n  a radiat ion f i e l d  t o  determine 
how much se l f  discharge ac tua l ly  occurs. 
It would be of i n t e r e s t  t o  
A deta i led  proposed radiolysis  mechanism has been previously 
(2) I n  reference to  t h i s  mechanism, no 0 o r  H2 should presented. 
be formed i n  the  rad io lys i s  i n  the absence of an impurity s ince the 
radicals produced (% = 3.7 and GoH = 2.7) will destroy the molecular 
products (% = 0.4 and G 0.35) by the reactions:  
2 
2 02 
AI-65-66 
58 
H + 0 I H02 2 
* 
e- + o2 - 0; 2%  s te  o2 aq - 
OH + H -H20 + H 0- + H~ -+ e 
2 aq 
Neutral Solution Basic Solution 
However, a small steady state concentration of H and 0 i s  observed i n  
the proper 2/1 r a t i o  a t  0.5 per cent KOH indicat ing some solute  other 
2 2 
than KOH must be present which reacts  e i t h e r  with e- 
This so lu t e  may be a t r ace  impurity, especially a +2 cation, i n  the H20- 
The decrease i n  y ie ld  of H 
suggest that we are observing here a d i r e c t  decomposition of KOH by 
rad ia t ion  and t h a t  this decomposition of OH- yie lds  0- and e- 
enhanced yield of rad ica ls  fur ther  reduces the gaseous evolution. T h a t  
o r  0- o r  both. 
aq 
I 
and 0 2 2 with increasing bas ic i ty  leads u s  t o  
T h i s  
aq’ 
i s  the mechanism: 
1 i 
Overall Primary Processes 
Subsequent Reactions 
pred ic t s  
H2 yie ld  = % - Go- 
2 
*That i s  normally one t a l k s  of H and OH but these are now known t o  e x i s t  as 
e- and 0’ i n  basic solution. 
aq 
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It i s  recognized that i n  addition t o  0- and e- H and O2 might a l s o  aq' 2 
be formed by this "direct" radiolysis  of KOH, but smaller y i e lds  are ex- 
pected than i n  the  rad io lys i s  of water. Recent experimental ve r i f i ca t ion  
f o r  t he  above mechanism comes from the observation of e- 
(below -50°C) 10 M NaOH and KOH solutions by ESR techniques. 
G value of trapped electrons was observed t o  increase,  as proposed, from 
-0.2 at 2 M t o  2.6 at 16 M NaOH. 
40 per cent KOH may again be an e f fec t  of impuri t ies  i n  the  KOH which 
consume the rad ica ls  and allow H and 0 production. 
i n  frozen 
aq 
Also, the  
The increase i n  y i e ld  of H and O2 at 2 
2 2 
Reactions of rad ica ls  with H202 (or  HO-) should not be considered 2 
i n  the mechanism since H 0 
experimental data are needed t o  ref ine this proposed mechanism. 
has not been detected i n  the  products. Further 2 2  
D. V0LTAMME;TRY OF NICKEL AND CADMIUM ELECTRODES 
Polarization effecks were expected on both the cadmium and the n icke l  
e lectrodes from surface coverage by the  rad io lys i s  products. The measure- 
ment made after 45 minutes i n  the  source seemed t o  ind ica te  this e f fec t  
a t  t h e  nickel  electrode but the e f fec t  diminished during l a t e r  measuremente. 
The e f f e c t s  observed on the cadmium electrode can be a t t r i bu ted  t o  
temperature s ince the polarization decreased upon entering the source 
while returning t o  normal when removed from the  CO-60 radiat ion and 45°C 
environment. 
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V. CONCLUSIONS AND RECOMMENDATIONS 
The purpose of this study was to determine the effects of radiation 
on nickel-cadmium electrodes and their magnitude, 
recommendations coming from this study should be concerned with nickel- 
cadmium batteries and their use in space vehicles using SNAP reactors 
or isotope sources for power. 
The conclusions and 
The effects observed and our conclusions and recommendations about 
these effects a r e  summarized below. 
A. ELECTROCHEMICAL EFFECTS 
1. Voltage-current relationships of nickel-cadmium batteries are 
not affected by gamma radiation in the short run. 
2. Radiation causes the cadmium electrode to lose capacity, when 
Y " undergoing charge-discharge cycling.t/' It is thus recommended that un- 
necessary cycling of batteries in radiation fields be avoided. 
B. MATERIAL LOSS 
Material is dislodged from the irradiated electrodes, with the most 
being lost at 100 per cent of charge. 
importance in commercial cells as their closely packed configuration 
appears to oppose this effect. 
C. GAS PRESSURE CHANGES 
This phenomenon may not be of great 
Only two to two and one-half pounds per square inch were the highest 
observed pressures attained by cells IC r ~ 6 h t i ~ ~  f elds, This effect is 
of little consequence, since cells are designed to retain gases up to 100 
psig, 
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